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Enantioselective Synthesis of 2,3-Disubstituted trans-2,3-
Dihydrobenzofurans Using a Brønsted Base/Thiourea Bifunctional 
Catalyst  
Diego-Javier Barrios Antúnez, Mark D. Greenhalgh, Charlene Fallan, Alexandra M. Z. Slawin, and 
Andrew D. Smith* 
The diastereo- and enantioselective synthesis of 2,3-disubstituted trans-2,3-dihydrobenzofuran derivatives (15 examples, 
up to 96:4 dr, 95:5 er) via intramolecular Michael addition has been developed using keto-enone substrates and a 
bifunctional tertiary amine-thiourea catalyst. This methodology was extended to include non-activated ketone pro-
nucleophiles for the synthesis of 2,3-disubstituted indane and 3,4-disubstituted tetrahydrofuran derivatives.
Introduction 
Substituted dihydrobenzofurans form the core structure in a 
variety of natural products, pharmaceuticals and bio-active 
compounds.
1
 The biological activities ascribed to such 
molecules has inspired the development of a plethora of 
synthetic strategies for the preparation of this core motif.
2
 
Methods for the diastereo- and enantioselective synthesis of 
these compounds are still relatively limited however, and 
traditionally rely upon the use of transition metal catalysts.
2,3
 
In recent years the use of enantioselective organocatalytic 
methods for the synthesis of 2,3-disubstituted 2,3-
dihydrobenzofurans has been investigated by a number of 
groups.
4
 As part of our on-going development of Lewis base 
catalysis for the enantioselective synthesis of heterocycles,
5
 
we have reported the use of isothiourea and cinchona alkaloid 
catalysts for the stereodivergent synthesis of 2,3-
dihydrobenzofurans and tetrahydrofurans (Scheme 1a).
6
 Using 
enone acid substrates, cis-disubstituted products were 
obtained using (S)-(−)-tetramisole [up to 99:1 dr (cis:trans), 
99:1 er], whilst the trans-products could be obtained using a 
quinidine-derived catalyst [up to 85:15 dr (trans:cis), 99:1 er]. 
Jørgensen and co-workers, as well as Wang and Zhou, 
independently reported the use of enamine catalysis for the 
synthesis of disubstituted dihydrobenzofurans using 
intramolecular Michael addition reactions (Scheme 1b).
7
 Using 
a primary amine analogue of quinidine, Jørgensen reported 
moderate to good diastereoselectivity and excellent 
enantioselectivity for the synthesis of cis-2,3-disubstituted  
 
Scheme 1. Organocatalytic enantioselective synthesis of 2,3-
dihydrobenzofurans using intramolecular Michael additions. 
dihydrobenzofurans [up to 83:17 dr (cis:trans), 99:1 er].
7a
 
Wang and Zhou found that a bifunctional primary amine-
squaramide catalyst provided complementary access to trans-
dihydrobenzofurans with excellent diastereo- and 
enantioselectivity [up to 97:3 dr (trans:cis), 99:1 er].
7b 
Although 
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a range of substitution patterns on the benzofuran core were 
demonstrated, these enamine-catalysed methodologies were 
limited to aryl-substituted enone Michael acceptors and 
unhindered alkyl-substituted -aryloxy ketone donors (R
2
 = 
Me, one example of Et, Scheme 1b). 
To extend the range of methodologies available for the 
stereoselective synthesis of dihydrobenzofurans, we sought to 
develop alternative methods for the cyclisation of -aryloxy-
substituted ketone derivatives containing a pendant enone 
Michael acceptor (Scheme 2). Specifically, the use of -
aryloxy-substituted acetophenone derivatives with both aryl 
and alkyl-substituted Michael acceptors were targeted in order 
to provide product architectures currently inaccessible by 
organocatalytic methods. Herein we report the development 
of a Brønsted base catalytic approach for the diastereo- and 
enantioselective synthesis of trans-2,3-disubstituted 2,3-
dihydrobenzofurans. This approach was found to be most 
effective when combined in concert with hydrogen bonding 
catalysis. The wider applicability of the methodology is also 
demonstrated through extension to the synthesis of 
tetrahydrofuran and indane core structures. 
 
Scheme 2. Brønsted base/hydrogen bonding catalytic approach to the 
enantioselective synthesis of 2,3-dihydrobenzofurans. 
Results and Discussion 
Reaction Optimisation 
Initial studies focused on the use a selection of Brønsted bases 
for the cyclisation of keto-enone 1 (Table 1). This substrate 
could be easily prepared in two steps from salicylic aldehyde 
and represented a substrate class which was not amenable to 





 and Wang and Zhou.
7b
 
Pleasingly, the use of C2-symmetric guanidine 3
8
 provided 
trans-dihydrobenzofuran 2 in high yield and with excellent 
diastereoselectivity, albeit with only modest enantioselectivity 





 gave trans-dihydrobenzofuran 2 with improved 
enantioselectivity, but with relatively low diastereoselectivity 
(entries 2-3). Takemoto’s bifunctional tertiary amine-thiourea 
catalyst 6
11
 provided trans-dihydrobenzofuran 2 with 
promising levels of diastereo- and enantiocontrol (entry 4). 
Variation of the bifunctional catalyst framework by using 
cinchona alkaloid-derived thiourea 7
12
 and Jacobsen’s amide-
substituted thiourea 8
13
 gave inferior conversions and levels of 
stereocontrol (entries 5-6). Based on the promising diastereo- 
and enantioselectivities obtained, further optimisation was 
undertaken using guanidine 3 and bifunctional tertiary amine-
thiourea 6 (Tables 2 and 3). 










1d 3 48 100 95:5 35:65 
2d 4 16 58 78:22 68:32 
3d 5 18 75 62:38 78:22 
4 6 96 93 93:7 78.5:21.5 
5 7 24 7 62:38 n.d.e 
6 8 120 86 83:17 68:32 
a Conditions: 1 (0.044 mmol), catalyst (10 mol%), CH2Cl2 (0.044 M), r.t.
  b Measured 
by 1H NMR spectroscopy. c Measured by chiral HPLC (major diastereoisomer). d i-
Pr2NEt (0.044 mmol) added. 
e Not determined. 
The effect of temperature on stereocontrol was first 
investigated using guanidine 3 (Table 2, entries 1-3). It was 
found that improved enantioselectivity was obtained at lower 
reaction temperatures, with −20 °C giving the best 
combination of enantioselectivity and reactivity (entry 2). A 
solvent screen identified 1,2-dichloroethane as optimal, with 
much shorter reaction times providing full conversion and 
comparable levels of stereocontrol (entries 4-6). A base screen 
showed that the tertiary amine i-Pr2NEt gave the highest 
enantioselectivity (entry 6). The use of a secondary amine (i-
Pr2NH) resulted in lower conversion and stereocontrol (entry 
7), whilst the use of an amidine (DBU) or inorganic base 
(Cs2CO3) gave trans-dihydrobenzofuran 2 as a racemate 
(entries 8-9). These results may be explained by a competitive 
racemic background reaction, as in the absence of catalyst 3 
both DBU and Cs2CO3 gave full conversion to trans-
dihydrobenzofuran 2 in the same reaction time. An analogous 
control reaction using i-Pr2NEt in the absence of catalyst 3 
resulted in just 4% conversion in 91 h, indicating that the rate 
of racemic background reaction was insignificant using this 
base. Interestingly, in the absence of an auxiliary base no 
reaction took place, despite the overall reaction being a 
proton-neutral process (entry 10). Finally, it was found that 
using an immersion cooler to maintain a more constant 
reaction temperature resulted in an improved 
enantioselectivity of 82.5:17.5 er, albeit following a 115 h 
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reaction time. As satisfactory optimisation could not be 
achieved using guanidine 3, attention was focussed on 
reaction optimisation using Takemoto’s catalyst 6. 
Table 2. Reaction optimisation using C2-symmetric guanidine 3
a 
 









1 r.t. CH2Cl2 i-Pr2NEt 48 100 95:5 35:65 
2 −20→r.t. CH2Cl2
 i-Pr2NEt 60 100 94:6 21.5:78.5 
3 −78→r.t. CH2Cl2 i-Pr2NEt 96 100 93:7 21.5:78.5 
4 −20→r.t. PhMe i-Pr2NEt 60 100 95:5 33.5:66.5 
5 −20→r.t. EtOAc i-Pr2NEt 16 23 90:10 42:58
 
6 −20→r.t. (ClCH2)2 i-Pr2NEt 16 95 94:6 21.5:78.5 
7 −20→r.t. (ClCH2)2 i-Pr2NH 16 65 93:7 38.5:61.5 
8d −20→r.t. (ClCH2)2 DBU 16 97 97:3 50:50 
9d −20→r.t. (ClCH2)2 Cs2CO3 16 98 96:4 51:49 
10 −20→r.t. (ClCH2)2 - 16 0 - - 
11 −20 (ClCH2)2 i-Pr2NEt 115 91 93:7 17.5:82.5 
a Conditions: 1 (0.044 mmol), catalyst (10 mol%), solvent (0.044 M).  b Measured 
by 1H NMR spectroscopy. c Measured by chiral HPLC (major diastereoisomer). d 
Same conversion and dr obtained under the same reaction conditions in the 
absence of catalyst 3. 
An initial solvent screen using Takemoto’s catalyst 6 at room 
temperature revealed toluene to be optimal, giving trans-
dihydrobenzofuran 2 in full conversion and with improved 
enantioselectivity (88:12 er, Table 3, entry 5). Using this 
catalyst an auxiliary base was not required in order to obtain 
good reactivity. Interestingly, whilst lowering the reaction 
temperature resulted in excellent diastereocontrol, the 
enantioselectivity of the reaction was significantly reduced 
(entries 6-7). In contrast, increasing the reaction temperature 
gave an improvement in both enantioselectivity and 
conversion (entries 8-9).
14
 Conducting the reaction at 50 °C 
allowed the catalyst loading to be dropped to 5 mol%, with 
trans-dihydrobenzofuran 2 isolated in 83% yield with excellent 
diastereo- and enantioselectivity (94:6 dr, 95:5 er, entry 10). 
The catalyst loading could be reduced to 2.5 mol% without 
significant loss in diastereo- or enantiocontrol, however 
extended reaction times were required for high conversion 
(entry 11). Increasing the reaction temperature to 80 °C in an 
attempt to improve conversion resulted in decreased 
enantioselectivity (entry 12). The use of 5 mol% of Takemoto’s 
catalyst 6 in toluene at 50 °C was therefore chosen as the 
optimal reaction conditions (entry 10). Under these conditions, 
the cyclisation of -aryloxy methyl ketone 9, previously used 
by Jørgensen,
7a
 and Wang and Zhou,
7b
 was investigated. This 
substrate was found to react slowly and give 2,3-
dihydrobenzofuran 10 as a racemate (entry 13). This result, in 
combination with the successful cyclisation of keto-enone 1, 
demonstrates high complementarity between the developed 
method using Brønsted base/hydrogen bonding catalysis and 
the enamine catalysis methods previously reported by 
Jørgensen,
7a
 and Wang and Zhou.
7b 
Table 3. Reaction optimisation using Takemoto’s tertiary amine/thiourea 
















1 20 r.t. CH2Cl2 96 93 93:7 78:22 
2 20 r.t. EtOAc 96 35 94:6 86:14 
3 20 r.t. Dioxane 72 9 71:29 87.5:12.5 
4 20 r.t. THF 72 28 71:29 78.5:21.5 
5 20 r.t. PhMe 96 100 94:6 88:12 
6 20 0 PhMe 48 13 99:1 65.5:34.5 
7 20 10 PhMe 96 53 91:9 84:16 
8 20 35 PhMe 18 89 93:7 92:8 
9 20 50 PhMe 18 97 94:6 92:8 
10d 5 50 PhMe 42 92 (83)e 94:6 95:5 
11 2.5 50 PhMe 72 97 96:4 92.5:7.5 
12 2.5 80 PhMe 20 88 96:4 87:13 
13f 20 50 PhMe 144 53 65:35 50:50 
a Conditions: 1 (0.044 mmol), catalyst (2.5-20 mol%), solvent (0.044 M).  b 
Measured by 1H NMR spectroscopy. c Measured by chiral HPLC (major 
diastereoisomer). d Performed on 0.26 mmol scale, reaction concentration = 
0.086 M. e Isolated yield. f 9 used in place of 1. 
Takemoto’s catalyst 6, and subsequent related derivatives, 
have been used to catalyse a wide range of highly diastereo- 
and enantioselective addition reactions.
15
 For reactions 
proceeding through Brønsted base/hydrogen bonding catalysis 
however, in general only highly activated pro-nucleophiles 
such as 1,3-dicarbonyls (pKa ≈ 7-16 in DMSO),
16a,b
 nitroalkanes 
(pKa ≈ 12-17 in DMSO)
16c,d
 and heterocycles which upon 
deprotonation gain aromaticity, have been used. In contrast, 
keto-enone 1 represents a much less-activated class of pro-
nucleophile (pKa ≈21 in DMSO).
16e
 Takemoto’s catalyst 6, and 
related derivatives, have been applied previously in 
intramolecular cyclisations,
15
 however the majority of these 
examples initially involve the intermolecular reaction between 
two achiral reactants to give a stereodefined intermediate, 
which then undergoes cyclisation. In these processes the role 
of the catalyst in the intramolecular cyclisation event is not 
well defined, with the formation of further stereocenters in 
the intramolecular reaction potentially proceeding under 
substrate control. Examples in which Takemoto’s catalyst 6 has 
been used for C-C bond forming intramolecular reactions 
starting from achiral reactants are scarce (Scheme 3).
17
 It was 
therefore considered of interest to fully explore the scope of 
this novel intramolecular cyclisation process, with a focus on 
examining the use of less highly activated aryl-ketone pro-
nucleophiles (pKa ≥ 20 in DMSO).  
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Scheme 3. Previous reports using Takemoto’s catalyst 6 for intramolecular 
cyclisations using carbon-based pro-nucleophiles. 
Reaction Scope and Limitations 
An extensive investigation of the substrate scope and 
limitations of this methodology was next investigated (Tables 
4-5, Scheme 4). Variation of the aromatic core was well 
tolerated, with cyclised products 11-15 bearing substitution in 
the 4-, 5-, 6- or 7-position, obtained in high yield and with 
excellent diastereo- and enantioselectivity (Table 4). Notably, 
the aromatic system could be extended to give 
dihydronaphthofuran derivative 11, and the incorporation of 
both electron-donating and electron-withdrawing substituents 
was well tolerated. 
Table 4. Substrate Scope: Variation of aromatic core 
 
a Isolated yield. b Measured by 1H NMR spectroscopy. c Measured by chiral HPLC 
(major diastereoisomer). 
Variation of the Michael acceptor and the pro-nucleophilic 
groups of the substrates was then investigated (Table 5). The 
addition of electron-donating substituents (NMe2, OMe, Me) 
to the Michael acceptor gave trans-dihydrobenzofurans 16, 17, 
and 18 in high yield and with excellent diastereo- and 
enantiocontrol. Slightly extended reaction times were required 
in these cases, which may be rationalised by the lower 
electrophilicity of the Michael acceptor. In line with this 
proposal, substitution of the Michael acceptor with an 
electron-withdrawing substituent (CF3) gave cyclised product 
19 in a shorter reaction time, but with similarly high levels of 
diastereo- and enantiocontrol. Alkyl-substituted Michael 
acceptors were also tolerated. tert-Butyl-substituted trans-
dihydrobenzofuran 20 was obtained in high yield and with 
excellent levels of stereocontrol, whilst methyl-substitution 
gave trans-dihydrobenzofuran 21 with only moderate 
diastereo- and enantioselectivity. Structural variation of the 
pro-nucleophilic ketone was also investigated, with both 
electron-donating and -withdrawing groups well tolerated. 
trans-Dihydrobenzofurans 22 and 23 were obtained in high 
yield and with excellent diastereo- and enantioselectivity, 
however the incorporation of a thiophenyl moiety resulted in 
lower levels of stereocontrol.  
Table 5. Substrate Scope: Michael acceptor and pro-nucleophile scope 
 
a Isolated yield. b Measured by 1H NMR spectroscopy. c Measured by chiral HPLC 
(major diastereoisomer). d 20 mol% 6 used. 
Having demonstrated the synthesis of a range of 
dihydrobenzofurans, the generality of the methodology was 
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investigated through the use of substrates in which the pro-
nucleophile was a simple unsubstituted ketone (pKa ≈ 24-25 in 
DMSO,
16e,f
 Scheme 4). Using 25, an analogue of keto-enone 1 
in which the oxygen linker was replaced with an all carbon 
tether, led to the formation of indane 26 in good yield, albeit 
with slightly lower levels of stereocontrol. This cyclisation 
required a higher catalyst loading and longer reaction time 
than that of 1, consistent with the lower pKa expected for the 
-protons. The use of an acyclic substrate without an aromatic 
tether 27 was also investigated, with 3,4-disubstituted 
tetrahydrofuran 28 obtained in good yield and stereocontrol. 
To the best of our knowledge, the use of such pro-nucleophiles 
has not been reported previously using bifunctional tertiary 
amine-thiourea catalysts. 
 
Scheme 4. Substrate Scope: Non-activated ketone pro-nucleophiles.  
a Isolated yield. b Measured by 1H NMR spectroscopy. c Measured by chiral 
HPLC (major diastereoisomer). d Yield of major diastereoisomer. 
The relative and absolute configuration within the major 
diastereoisomer of tert-butyl-substituted 2,3-
dihydrobenzofuran 20 was confirmed by single crystal X-ray 
analysis.
18
 The absolute configuration of the remaining 
products were assigned by analogy. Based upon the absolute 
configuration of the product it is possible to propose a 
tentative rationale for the stereochemical outcome of the 
reaction (Figure 1). The mechanism of reactions promoted by 
bifunctional tertiary amine-thiourea catalysts have been 
studied experimentally and theoretically by a number of 
groups.
19
 Based on these works, it is assumed that the 
carbonyl of the pro-nucleophile binds to the thiourea, 
enhancing the acidity of the -proton, and enabling 
deprotonation by the proximal tertiary amine to give a (Z)-
enolate with subsequent stereodetermining C-C bond 
formation. The pre-transition state assembly for this step may 
be characterised by the thiourea binding the oxyanion of the 
enolate, with the ammonium ion hydrogen bonding to the 
enone (Figure 1, TS1).
19c,e-g,i,j
 An alternative plausible pre-
transition state assembly would involve the thiourea moiety 
hydrogen bonding to the enone, with the enolate forming an 
ion pair with the ammonium (Figure 1, TS2).
11,19d,h
 Both pre-
transition state assemblies would predict addition of the re-




Figure 1. Proposed models for the pre-transition state assembly 
Conclusion 
In conclusion, the catalytic enantioselective synthesis of trans-
2,3-disubstituted dihydrobenzofurans from readily-available 
salicylic aldehyde derivatives has been achieved using a 
bifunctional tertiary amine-thiourea catalyst 6. This method 
provided a range of dihydrobenzofuran derivatives in high 
yield with generally good to high diastereo- and enantiocontrol 
(up to 96:4 dr and 95:5 er). The generality of the method was 
highlighted by extension to the synthesis of disubstituted 2,3-
indane, and 3,4-tetrahydrofuran substructures. Ongoing work 
in this laboratory is focused on further applications of 
organocatalysis for the asymmetric synthesis of biologically-
active compounds. 
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